The purpose of this study was to observe the histopathological lesions and oxidative damage induced by dietary nickel chloride (NiCl 2 ) in the thymus. A total of 280 one-day-old avian broilers were divided into four groups and fed on a corn-soybean basal diet as the control diet or the same basal diet supplemented with 300, 600, and 900 mg/kg of NiCl 2 for 42 days. In the NiCl 2 -treated groups, the broiler weight and thymic relative weight were significantly (P < 0.05 or P < 0.01) decreased. Histopathologically, thymic corpuscles were increased and enlarged; the reticular cells were degenerate and necrotic, and lymphocytes were slightly decreased and loosely arranged in the medulla of thymus in the 600 mg/kg and 900 mg/kg groups. The activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px), and the ability to inhibit hydroxy radical and glutathione (GSH) content were significantly (P < 0.05 or P < 0.01) lower in the NiCl2-treated groups than those in the control group, while MDA content was higher. The abovementioned results demonstrated that dietary NiCl 2 in excess of 300 mg/kg could reduce the broiler weight and thymic relative weight, and cause histopathological lesions and oxidative damage in the thymus, which finally impaired the thymic function.
the earth [1] , and used in a wide variety of industrial and consumer applications [2] . At the same time, it is known to be an essential element for animals [3] [4] . Anke et al. [5] reported an absolute requirement for nickel in the ruminants (sheep, goat, and so on). Ni deficiency inhibits growth, reduces reproductive rate, and alters glucose and lipid metabolism, which are associated with anemia, hemoglobin reduction, alternations of metal ion contents, and reduced activity of several enzymes in animals [6] . However, Ni or Ni compounds can enter the food chain and may be toxic to living organisms. Ni gets into human and animals mainly through inhalation, drinking water and food, and food is the most important among these pathways [7] . The previous studies have shown that long-term exposure to Ni can also be toxic to the upper respiratory tract, skin, kidney, immune system, embryo, and breeding system [8] [9] . Even short-term exposure to Ni can significantly influence the cardiovascular system [10] [11] . Ni exposure causes formation of free radicals in various tissues in both human and animals, and enhances lipid peroxidation [12] . Thus, the toxic effects of Ni and Ni compounds have been major environmental health problems.
It had been reported that Ni can enhance lipid peroxidation (LPO) and cause cellular damage and reduced glutathione (GSH) contents, and catalase (CAT) and glutathione peroxidase (GSH-Px) activities in the liver and kidney of rats [13] [14] . NiCl 2 -induced human lymphocyte toxicity may be mediated by oxygen radical intermediates [15] . Our previous studies have also shown that dietary NiCl 2 causes intestinal and splenic oxidative damage [12] [16] . However, very limited data are available on the oxidative damage induced by dietary NiCl 2 in the thymus in human beings and animals. Also, there are no reports about effects of NiCl 2 on thymic morphology in human and animals at present. In the present research, the experiment was conducted to examine the effects of dietary NiCl 2 on thymus, induced clinical observation, histological lesions, relative weight and oxidative stress parameters (the activities of SOD, CAT, GSH-Px, and ability to inhibit hydroxyl radical, and GSH and MDA contents), which provided helpful materials for the same or similar studies in both human and other animals in the future.
Materials and Methods

Chickens and diets
Two hundred eighty one-day-old healthy broilers were randomly divided into four equal groups of 70. The broilers were housed in separate cages with electrically heated units and were provided with water and the control or experimental diets ad libitum for 42 days.
Our experiments involving the use of broilers and all experimental procedures involving animals were approved by Sichuan Agricultural University Animal Care and Use Committee.
A corn-soybean basal diet formulated by the National Research Council (1994) [17] was the control diet. NiCl 2 •6H 2 O (Cheng Du Kelong Chemical Co., Ltd., Chengdu, China) was mixed into the corn-soybean basal diet to produce experimental diets with 300, 600, and 900 mg/kg of NiCl 2 , respectively.
Clinical signs and relative weight of thymus Clinical signs were observed and recorded everyday. At 7, 14, 21, 28, 35 and 42 days of age during the experiment, five broilers in each group were euthanized and necropsied after their body weight were weighed. Thymus was dissected from each broiler and weighed after dissecting connective tissue around the organ, and the macroscopic changes of thymus were observed and recorded. Related weight of thymus was calculated by the following formula:
Related weight = organ weight (g)/body weight (kg) Pathological observation After weighed, thymuses were fixed in 4% paraformaldehyde and routinely processed in paraffin. Thin sections (5 μm) of each tissue were sliced from each block and mounted on glass. Slices were stained with hematoxylin and eosin (H&E) and were examined on an Olympus light microscope.
Detection of oxidative damage parameters in the thymus At 14, 28 and 42 days of age, after five broilers in each group were humanely killed, thymuses were immediately removed and chilled to 0˚C in 0.85% NaCl, and then dried, weighed and homogenized in 9 vol of icecold 0.85% NaCl in a chilled homogenizer and centrifuged at 3500 × g at 4˚C for 10 min. Then the supernatant were collected. After determining the amount of total protein in the supernatant by the method of Bradford [18] , the CAT, SOD and GSH-Px activities, and ability to inhibit hydroxyl radical, and MDA and GSH contents in the supernatant were detected by biochemical methods following the instruction of the reagent kits (CAT, A007; SOD, A001-1; GSH-Px, A005; abilities to inhibit hydroxy radical, A018; GSH, A006-1; MDA, A003-1; total protein, A045-2, purchased from Nanjing Jiancheng Bioengineering Institute of China, Nanjing, China). The absorbance was measured at 240, 550, 412, 550, 532, 420 and 590 nm, respectively using a microtiter plate reader (Thermo, Varioskan Flash, USA).
Statistical analysis
The significance of difference between the control groups and the NiCl 2 -treated groups was analyzed by use of variance analysis, and the results are presented as means ± standard deviation ( X ± SD). The analysis was performed with the one-way analysis of variance (ANOVA) test of SPSS 16.0 for windows. A value of P < 0.05 was considered significant.
Results
Clinical observation
From 14 to 42 days of age during the experiment, the feed intake of broilers in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups began to decline when compared with that in the control group, except the 300 mg/kg group at 14 days of age. From 21 to 42 days of age during the experiment, broilers in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups showed poor appetite, poor growth and depression. A few broilers showed polypnea. No death was found during the experiment. Change of broiler weight was shown in Figure 1 .
Change of thymic relative weight From 21 to 42 days of age during the experiment, the thymic relative weight of broilers were significantly decreased (P < 0.05 or P < 0.01) in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups in comparison with those in the control group. The results were shown in Figure 2 .
Pathological lesions There were no obvious lesions among NiCl 2 -treated groups at 7, 14, and 21 days of age when compared with the control group. From 21 to 42 days of age, the thymic corpuscles were increased and enlarged, the cells were degenerate and necrotic reticular, and lymphocytes were slightly decreased and loosely arranged in the medulla of thymus in the 600 mg/kg and 900 mg/kg groups (Figure 3) .
Changes of oxidative damage parameters in the thymus
The CAT, SOD, and GSH-Px activities were significantly lower (P < 0.05 or P < 0.01) in the 900 mg/kg group at 14 days of age, and in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups from 28 to 42 days of age than those in the control group, except the SOD and GSH-Px activities in the 300 mg/kg group at 28 days of age. The ability to inhibit hydroxyl radical were significantly decreased (P < 0.05 or P < 0.01) in the 600 mg/kg and 900 mg/kg groups at 14 to 42 days of age when compared with those of the control group, except that in the 600 mg/kg group at 14 days of age. The GSH contents were significantly lower (P < 0.05 or P < 0.01) in the 900 mg/kg group at 14 days of age, and in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups at 28 to 42 days of age than those in the control group, except the GSH contents in the 300 mg/kg group at 28 days of age. The MDA contents were significantly higher (P < 0.05 or P < 0.01) in the 300 mg/kg, 600 mg/kg, and 900 mg/kg groups at 28 to 42 days of age than those in the control group, except the MDA contents in the 300 mg/kg group at 28 days of age. The results were shown in Figure 4. 
Discussion
In the present study, the growth of the NiCl 2 -treated broilers was inhibited, and the above-mentioned clinical signs showed that dietary NiCl 2 in excess of 300 mg/kg was toxic to broilers from 3-week-old, which was consistent with those described in broilers by Ling and Leach [19] .
Thymus is the central immune organs. The situation of thymus development is usually judged by the thymic relative weight [20] . The relative weight of thymus in NiCl 2 -treated groups was lower than that in control group, which implied dietary NiCl 2 in excess of 300 mg/kg inhibited the thymus growth, and could finally impair the function of thymus. Histopathologically, thymic corpuscles were increased and enlarged, the reticular cells were degenerate and necrotic, and lymphocytes were decreased and loosely arranged in the medulla of thymus in the 600 mg/kg and 900 mg/kg groups, implying that dietary NiCl 2 in excess of 300 mg/kg could influence or/and impair thymic function and growth.
It is well known that there are close relationships between lesions and oxidative damage caused by NiCl 2 . Living organisms possess several antioxidative agents (including enzymes such as SOD, GSH-Px, and CAT, Data are presented with the mean ± standard deviation (n = 5). GSH, and the ability to inhibit hydroxyl radical, and nonenzymatic antioxidants such as extra calcium and vitamin E) and protect them against the harmful effect of oxidative stress [16] [21] [22] . These antioxidants inhibit overproduced free radicals (including ROS and . OH), which induces lipid peroxidation (LPO) [23] . It has been reported that Ni ion accumulation may be responsible for the generation of ROS and the enhancement of LPO [24] . LPO may be a contributing factor in Ni-induced tissue oxidative stress [25] . As the first line of cellular defence against oxidative damage, SOD and CAT play an important role in these enzymatic mechanisms [26] . SOD can break up ROS and repair cellular damage caused by ROS [16] . CAT is responsible for the breakdown of hydrogen peroxide (H 2 O 2 ) [27] . Our results showed that SOD and CAT were decreased in NiCl 2 -treated groups when compared with those in the control group, which demonstrated that free radicals species are accumulation in the thymus of NiCl 2 -treated groups, and reduction of the SOD and CAT activities enhances ROS production and H 2 O 2 generation [28] .
GSH is considered to be an important bio-marker in LPO and is important in maintaining the cellular redox status [29] , and depletion of intracellular free radical scavengers such as GSH is one of Ni-caused oxidative stress mechanisms [30] [31] . GSH-Px activity depends on the balance between the levels of GSH and glutathione disulfide [32] , and GSH-Px works in tandem with CAT to scavenge excess hydrogen peroxide and lipid peroxides in response to oxidative stress [33] . In the present study, we found the significantly reduced of GSHPx and CAT activities, and GSH contents in the NiCl 2 -treated groups in comparison with those in the control group, which was agree with previous studies [13] [14] . The hydroxyl radical is one of the major oxygen radicals, and causes oxidative stress and damages virtually all types of macromolecules: carbohydrates, nucleic acids, lipids and amino acids, and the scavenging peroxyl radicals for the protection of cellular structures includes endogenous antioxidants such as melatonin and glutathione [34] . In this study, the ability to inhibit hydroxyl radical was reduced, suggesting that more hydroxyl radicals were accumulating in the thymus.
The MDA levels elevated by free radicals are recognized as a good marker of increased LPO in tissues [35] . Besides, MDA inhibits various enzyme reactions and exerts mutagenicity and carcinogenicity by forming DNA adducts [36] . The MDA contents were increased in NiCl 2 -treated groups when compared with that in the control group in our study, which were similar to the findings by Rao et al. [37] and Lou et al. [38] , implying that the thymus was undergoing the oxidative stress.
In our study, the activities of CAT, SOD, GSH-Px, and ability to inhibit hydroxyl radical and the GSH contents were decreased, while MDA contents were increased in the NiCl 2 -treated groups, demonstrating dietary NiCl 2 in excess of 300 mg/kg in broiler chicks induced oxidative damage in the thymus.
Conclusion
Based on the results observed in the present study and the aforementioned discussion, it is concluded that dietary NiCl 2 in excess of 300 mg/kg in broiler chicks is toxic to thymus by inducing oxidative damage, then causing lesions and reducing relative weight. Toxicity caused by NiCl 2 likely has important effects on the thymic function. This study provided new evidences and an animal model to further understand the mechanism of the effects of NiCl 2 on the thymic function.
